The present update is dedicated to the evolution of the interaction between heart failure (HF) and exercise and how the scientific community has handled it. Indeed, on the one hand, HF is a leading cause of morbidity and mortality with a stable prevalence from 1998 onward varying between 6.3% and 13.3%. On the other hand, exercise is seen as a diagnostic and prognostic tool as well as a therapeutic intervention in chronic HF. More precisely, the knowledge, the clinical application, and the research interest on the mutual interactions between exercise and HF have different phases in disease progression:
Introduction
The present update is dedicated to the evolution of the interaction between heart failure (HF) and exercise and how the scientific community has handled it. Indeed, on the one hand, HF is the leading cause of morbidity and mortality with a stable prevalence from 1998 onward varying between 6.3% and 13.3%, 1 and 50% of HF patients with reduced ejection fraction (HFrEF) die within 5 years from diagnosis. 2 On the other hand, exercise is seen as a diagnostic and prognostic tool as well as a therapeutic intervention in chronic HF.
In the scientific community, exercise in HF is a hot topic as shown in Figure 1 , which reports the number of PubMedincluded papers by searching for 'exercise and HF'.
More precisely, the knowledge, the clinical application, and the research interest on the mutual interactions between exercise and HF have different phases in HF progression ( Figure 2 ):
• Before HF onset (past): exercise provides protective benefit in preventing HF (primary prevention).
• With HF present: exercise improvement with training provides benefits in HF (secondary prevention).
• The prediction of future in HF patients: exercise impairment, as a leading characteristic of HF, is used as a prognostic factor.
Before heart failure onset (past): exercise as a tool for primary prevention in heart failure
Several epidemiological studies consistently reported inverse associations between cardiorespiratory fitness and risk of cardiovascular disease 3 and mortality. 4 A 41% reduction in mortality was reported in 786 Tour de France cyclists compared with the general French male population. 5 Wilson et al. 6 recently reviewed the basic science behind the cardiovascular benefit of exercise, suggesting functional, structural, cellular, and molecular adaptations in the heart in response to exercise. Considering how much and how intense exercise should be, the authors concluded that there is no lower exercise threshold for cardiovascular benefits to be seen, signifying that 'some exercise is better than none'.
Data on the association of physical activity and HF are sparse but can be summarized in the following important findings.
Protective association between physical activity/fitness and heart failure risk Seminal works from Kenchaiah et al., Hu et al. , NHANES I Epidemiologic Follow-up Study and FINMONICA Study [7] [8] [9] [10] provided the first data about the association between physical activity and HF. Kraigher-Krainer et al. 11 in 2013 evaluated 1142 elderly participants from the Framingham Study in a longitudinal study on follow-up of 10 years. They observed that lower physical activity, assessed with a standardized validated questionnaire, is associated with higher incidence of HF. More recently, Khan et al. 12 in 2014 evaluated, in a first population-based prospective study, 1873 men (aged 42-61) from eastern Finland to assess the prospective associations (follow-up of 20.4 years) of cardiorespiratory fitness and the risk of HF. This study demonstrated a strong, inverse, and independent association between long-term cardiorespiratory fitness and risk of HF, with men in the top quartile of long-term fitness levels having 53% lower risk of developing HF. A 1 unit higher cardiorespiratory fitness was associated with 6% lower risk of incident HF events corresponding to a 21% lower risk of HF per 1 metabolic equivalent (MET) Figure 1 PubMed results searching for 'exercise and heart failure'.
Figure 2
Scheme of interactions between exercise and heart failure in different phases of the disease.
Exercise and heart failure 223 greater of cardiorespiratory fitness. Moreover, Kenchaiah et al., 7 Hu et al., 8 and the more recent work from Cooper Center for Longitudinal Study 13, 14 in 2017 demonstrated the protective association of physical activity against HF risk across all body mass index range and independent of the presence of cardiac and non-cardiac co-morbidities. Finally, Berry et al. 15 studied 20 642 participants with fitness measured at the mean age of 49 years and who survived to receive Medicare coverage from 1999 and 2009. A 1 unit greater fitness level in MET achieved in midlife was associated with 20% lower risk for HF hospitalization after the age of 65 years but only 10% lower risk for acute myocardial infarction in men and not association in women, suggesting that a higher fitness is more protective against risk of HF than of myocardial infarction.
Specific effects of exercise on cardiac structure and function important for long-term heart failure risk Recent data from the Cooper Center Longitudinal Study 14 evaluated the association between fitness and non-fatal cardiovascular events, such as HF and coronary artery disease, hypothesizing that the specific effects of exercise on cardiac structure and function might be particularly important for long-term HF risk. Accordingly, recent works from large cohorts demonstrated significant associations between higher levels of fitness or physical activity and favourable left ventricular structure and function:
• Florido et al. 16 demonstrated that physical activity is inversely associated with chronic subclinical myocardial damage, which could represent a mechanism of the described HF risk reduction by physical activity.
• The CARDIA Study 17 observed that lower cardiorespiratory fitness in young adults was associated with abnormal left ventricle remodelling and a higher prevalence of subclinical abnormalities in left ventricle systolic and diastolic function in middle age.
• Kamimura et al. 18 demonstrated that physical activity is associated with reduced left ventricular mass in obese and hypertensive African Americans, consistent with beneficial effect of physical activity on cardiac structure and function.
Heart failure phenotype associated with physical inactivity and low fitness: heart failure with preserved ejection fraction vs. heart failure with reduced ejection fraction Brinker et al. 19 examined a subset of patients at the Cooper Center who underwent fitness testing for screening purposes and received echocardiographic testing. They observed that lower fitness was associated with a higher prevalence of diastolic dysfunction and abnormal left ventricle remodelling, which represent important intermediate phenotypes in the natural history of heart failure with preserved ejection fraction (HFpEF). These data suggested that low fitness associated risk of HF is more likely to be in HFpEF than in HFrEF. Accordingly, a recent work 20 in 2017 from an individual-level pooled analysis of three large cohort studies confirmed a strong and dose-dependent association of physical activity with HFpEF but not with HFrEF. Adequately designed randomized prevention trials are needed to further evaluate these evidences.
Association between changes in physical activity and heart failure risk Pandey et al., 14 evaluating Cooper Center Longitudinal Study and Centers for Medicare & Medicaid Services data, demonstrated that individuals who increased their fitness levels had a lower rate of HF hospitalization. Furthermore, longitudinal changes in cardiorespiratory fitness, but not body mass index, were found to be associated with HF risk. 13 Moreover, in young adults evaluated in the CARDIA Study, 17 the decline in cardiorespiratory fitness over follow-up was a significant predictor of subclinical systolic dysfunction and elevated diastolic filling pressure in middle age independent of baseline cardiorespiratory fitness levels. These data were confirmed in HFpEF: low cardiorespiratory fitness could be not only considered as an early stage marker but also a target for prevention, owing to the impact of exercise training on risk factor profile, on left ventricle structure and function, on myocardial strain pattern, and on vascular stiffness. 19 It was calculated that 1 MET improvement in physical activity was associated with 17% reduction of HFpEF risk at a later age 21 and that daily dynamic exercise for >30 min four or five times weekly over the course of a lifetime preserves left ventricle diastolic function.
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More activity is better for heart failure prevention
Pandey et al. 23 confirmed a dose-response relationship between physical activity and risk of HF, performing the largest meta-analysis from 12 prospective cohort studies (papers published between 1995 and 2014; 370 460 subjects included; 20 203 HF events; 13 years of median follow-up). The pooled results confirmed a consistent, linear, inverse, and doseresponse association between physical activity and HF risk. A linear dose response was observed across a wide dose range, without upper or lower threshold effect, again suggesting that 'more activity is better than some activity for HF prevention'. Subjects with a 500 METs-min/work of physical activity, that is, the minimum guidelines recommended, had a 10% lower risk of HF compared with those with no physical activity, while 224 G. Cattadori et al. practising 1000 or 2000 METs-min/work results in a 19% and 35% lower risk of HF, respectively, suggesting a re-evaluation of the actual guidelines. 24 All these observations are all in line with the idea of exercise as a tool of primary prevention in HF patients.
With heart failure present: exercise improvement with training provides benefits in heart failure (secondary prevention)
Exercise in HF patients was historically proscribed and the concept of reducing physical activity to avoid exercise-induced symptoms and haemodynamic overload for the diseased ventricle dominated the textbooks. 25 Indeed, there was a consensus in the 1970s that patients with all stages of HF should be advised to refrain from physical activity with bed rest prescription. 26 In 1988, the comprehensive seminal paper of Sullivan et al. 27 about exercise training in 12 HF patients demonstrated for the first time that ambulatory HF patients can significantly improve their exercise tolerance. This study is the cornerstone for three decades of subsequent research, changing deeply the scientific approach to the relationship between exercise and HF. Recently, Doukky et al. 28 demonstrated that in patients with symptomatic chronic HF, physical inactivity (i.e. failure to exercise or television screen time) is associated with nearly twice all-cause and cardiac mortality, and even modest exercise was associated with survival benefit. The authors calculated the propensity scores of spending >4 h/day watching television, showing that increasing sedentary time was associated with a stepwise increase in the risk of all-cause death in HF patients.
Exercise training is now a well-establish therapy for HF patients, 29 and in the last European Society of Cardiology (ESC) HF guideline 2016, 'patients with HF are recommended to perform properly designed exercise training'. 30 In a recent review titled 'Exercise as medicine-evidence for prescribing exercise as therapy in 26 different chronic diseases', Pedersen and Saltin wrote a chapter about HF patients. 31 Moreover, Arena recently wrote: 'we are only now coming to the realization that functional capacity is a vital sign and exercise is a medicine' in the preface of an issue in Heart Failure Clinics written as 'a journey from bench to bedside to clinic to community with respect to all things regarding functional assessment and exercise training'. 32 34, 35 that failed to clearly demonstrate a mortality benefit from exercise training. However, results from the HF-ACTION trial confirmed the safety and clinical benefit of exercise training in HF, and they were helpful in persuading the US Centers for Medicare & Medicaid Services to approve coverage for cardiac rehabilitation for selected HFrEF that matched the HF-ACTION trial inclusion criteria. 36, 37 However, despite the existing evidence and guidelines in favour of exercise training programmes in HF patients, only 10% of eligible HF patients received cardiac rehabilitation referral at discharge after hospitalization for HF. 38 This is due to physician (low degree of perceived benefit, lack of strong demonstrated mortality benefit, and safety concerns) and patient-level factors (older age, lower socio-economic status, logistic problems, insurance status, and co-morbidity burden). A recent ExtraHF Survey confirmed the lack of utilization of exercise training and cardiac rehabilitation in HF patients, 39 suggesting the need for constant activities of education in this field. A somewhat encouraging finding is a recently reported increasing trend in the proportion of HF patients referred for cardiac rehabilitation by~40% in relative terms over the past decade. 38 Moreover, 60% of the cardiac centres in ESC-related countries have developed a programme of exercise training for their HF patients, showing an improvement vs. previous survey. 39 It became progressively clear that different organ systems, such as the heart, 40,41 skeletal muscle, 27,42 vascular function, 27 ,42 respiratory function, and neuro-hormonal systems are involved in HF disease progression and modulation by exercise training. 43 Measuring simultaneously peak oxygen consumption (VO 2 ) and peak cardiac output before and after training in 70 HF patients, our group demonstrated that exercise training improves physical performance by changing peak exercise cardiac output without changing artero-venous O 2 difference. Moreover, a reduction after training of arteriovenous O 2 difference with an increase in cardiac output at peak exercise is frequent and it is suggestive of blood flow redistribution after workout. 44 In systolic HF patients, the effects of exercise training on neurovascular control and skeletal myopathy, 45 on the mechanisms of improving skeletal muscle O 2 transport and utilization, 46 and on the prevention of the deterioration in the arterial baroreflex control and sympathetic nerve 47 were recently reviewed. Esposito et al. 48 demonstrated in HF muscles not only perfusive but also diffusive oxygen impairment as a new possible target of exercise training.
A meeting in 2012 in Bethesda of the National Heart, Lung, and Blood Institute 49 aimed to evaluate, to optimize, and to translate the potential role of exercise training in HF. They identified many possible knowledge gaps and six final recommendations as the highest priority in advancing Exercise and heart failure 225 exercise training as a therapy in HF: (i) better understanding of the basic mechanisms of exercise intolerance, (ii) better knowledge of different phenotypes, (iii) better measurement of the results after training, (iv) improvement in adherence, (v) optimization of training regimens, and (vi) combination of training with other lifestyle interventions. Of interest, the role of sex differences in HF and training was emphasized: women with HF generally have a lower functional capacity than men have, but they show a greater benefit of training. Moreover, the authors underlined the effects of aging, multiple co-morbidities, and frailty on the use of exercise training, leading to the necessity of a personalized exercise-based rehabilitation. This argument was recently reinforced by Rod Taylor during 'Late Breaking Trial III: focus on trial updates, registries and meta-analyses' session during the Heart Failure 2016 Congress in Florence, presenting the results from ExTraMATCH II. More recently, Luo et al. evaluated exercise training in patients with chronic HF and atrial fibrillation. 50 They demonstrated that, despite having more severe HF, stable outpatients with HF and atrial fibrillation were able to receive similar benefits with exercise training when using a structured and monitored intervention. Importantly, exercise training did not lead to an increase in atrial fibrillation events. Finally, Reeves et al. performed the REHAB-HF Pilot study, 51 which suggested the safety and the efficacy of a novel multidomain physical rehabilitation intervention to improve physical function and reduce hospitalization in older and frail patients with acute decompensated HF with multiple co-morbidities.
Exercise training modalities
Moderate continuous training is efficient, safe, and well tolerated by HF patients, and it is recommended by the Heart Failure Association Guidelines. 30 Improvement in exercise capacity of HF patients undergoing continuous aerobic exercise training is primarily determined by the total energy expenditure, such as the product of training intensity, session duration, session frequency, and programme duration of the training program. 52 In addition to continuous moderateintensity aerobic training, and also high-intensity and lowintensity interval training models, respiratory training and strength training demonstrated efficacy in this setting. The key components of the ESC position paper were written in 2011 to strongly advise standardization of exercise prescription. 53 In a recent issue in Heart Failure Clinics, 54-57 the rehabilitation practice patterns performed all over the world are widely reported. More recently, in 2016, Cornelis et al. 58 published a paper about the first systematic review and meta-analysis to provide a complete overview of randomized clinical trials in order to assess the effectiveness of different exercise training modalities on prognostic cardiopulmonary exercise test (CPET) parameters, quality of life (QoL), and left ventricle remodelling. Five studies compared interval training with combined interval-strength training; 3 studies, continuous training with combined continuousstrength training; 11 studies, continuous training with interval training; and finally only 1 study, continuous training with strength training. Finally, an increase of prognostic CPET parameters was not significantly favoured by specific training modalities, while left ventricular remodelling revealed significant improvement after interval training vs. other modalities. In 2017, Ellingsen et al. 59 published the first randomized multicentre trial evaluating high-intensity interval training in chronic HFrEF demonstrating that 12 weeks of high-intensity interval training was not superior to moderate continuous training with respect to left ventricular reverse remodelling or improving secondary endpoints. Considering that adherence to the prescribed exercise intensity based on heart rate may be difficult to achieve, moderate continuous training remains the standard exercise modality for patients with chronic HF. More standardized, high qualitative, rigorous multicentre clinical trials should be planned in the near future.
Special populations
Heart failure with preserved ejection fraction While the majority of trials about exercise training in HF included patients with unspecified EF or HFrEF, recent trials have recruited those with HFpEF. Kitzman et al., 60 with the largest data on exercise in HFpEF in randomized controlled settings, demonstrated a significant improvement in fitness with training among HFpEF patients. More recently, Pandey et al. 61 performed an updated and comprehensive evaluation of the effect of training in patients with HFpEF in a metaanalysis of randomized trials including 276 patients enrolled in six randomized controlled trial; taken together, the available literature suggests that exercise training may improve exercise tolerance in these patients through peripheral mechanisms leading to an improved oxygen extraction in the active skeletal muscles without a significant change in left ventricle diastolic function. More recently, in 2017, Kitzman et al. 62 recently demonstrated significant and additive positive effects of the combination of caloric restriction and aerobic exercise training among obese older patients with clinically stable HFpEF.
Left ventricular assist device patients Jung and Gustafsson
63 provided a systematic description of the different components of exercise physiology in adult left ventricular assist device patients, pointing out potential solutions and future researches; of note, exercise training in left ventricular assist device patients improves peak VO 2 and should be encouraged. 
Chemotherapy-related cardiomyopathy
Nair and Gongora 64 recently evaluated the role of exercise training in chemotherapy-related cardiomyopathy, suggesting a scheme for exercise prescription based on the baseline evaluation of left ventricle ejection fraction and global longitudinal strain or tissue Doppler imaging. The authors recommend the identification of subclinical disease prior to appearance of symptoms as a key factor to prevent cardiovascular injury and enhance survival as well as QoL.
Alternative approaches to exercise in heart failure patients Tai Chi training Tai Chi is a form of low-intensity physical activity originating in China, with positive effects on balance control, flexibility, cardiovascular fitness, pain, fatigue, insomnia, and psychological well-being; Pan et al. 65 performed a meta-analysis to evaluate the effects of Tai Chi training on exercise capacity, QoL, and other clinical outcomes in patients with HF including 242 patients enrolled in four randomized clinical trials; the meta-analysis results suggest Tai Chi training as a valuable and suggestive tool for improving QoL in patients with HF; however, more data are needed to demonstrate improvement of other clinical and exercise parameters.
Muscle electrical stimulation
Exercise training is not recommended in unstable HF patients; Groehs et al. 66 investigated the effects of muscle functional electrical stimulation on muscle sympathetic nerve activity, muscle blood flow, and exercise tolerance in hospitalized patients for stabilization of HF; functional electrical stimulation improves muscle sympathetic nerve activity, vasoconstriction, exercise tolerance, muscle strength, and QoL, suggesting this approach during hospitalization to treat decompensated HF.
Wii gaming
The Nintendo Wii platform is the most tested exergame in adults; the HF-Wii study is a randomized study to evaluate the effect of exergaming in patients with HF; recruitment was expected to be completed by December 2016, and the study should close at the beginning of 2018.
67
Robot-assisted training Schoenrath et al. tested in five HF patients with New York Heart Association functional class 2 and 3 a robot-assisted gait therapy with the Lokomat® system, obtaining promising data for further HF trials in more impaired and hospitalized patients.
68
Holidays Shah et al. 69 evaluated the impact of winter season and holidays in 22 727 HF patients; the authors demonstrated that Christmas and Independence Day were associated with increased HF admissions immediately after the holidays, suggesting overeating, emotional stressors, lesser exercise, and postponing medicals around holidays as possible causes.
The prediction of the future in heart failure patients Directly measured oxygen consumption (VO 2 ) is the objective and quantitative measure of cardiorespiratory fitness, and it represents cardiac, circulatory, and respiratory functions and muscle oxygen use. VO 2 at peak exercise is a well-established prognostic factor in HF, but other exercise parameters are proved as powerful predictors of mortality such as ventilation (VE)/carbonic monoxide production (VCO 2 ) slope, VO 2 at anaerobic threshold, O 2 uptake efficiency slope, VO 2 /work rate relationship, mean response time, and haemodynamic measurement during exercise. Recently, Alba et al. 70 confirmed the role of peak VO 2 , O 2 uptake efficiency slope, and VE/VCO 2 as independent predictors with similar discriminatory capacity over recognized clinical variables. Again recently, Malhotra et al. in a state-of-the-art paper 71 and Keteyan et al. 72 underlined the known role of CPET for careful measurement of ventilatory and O 2 uptake patterns in HF to quantify disease severity, prognosis, and relative contributions of organ system to exercise intolerance.
Nonetheless, the prognostic power of CPET-derived parameters is deeply supported by literature, but they were poorly considered for prognostic scores. Indeed, only HF survival score 73 and HF-ACTION predictive risk score model 74 included only peak VO 2 and exercise duration at CPET among other clinical parameters, totally excluding ventilatory parameters. In 2011, 13 leading and experienced Italian HF Units joined together with the purpose of building a new risk score for systolic HF patients, integrating measures with potential prognostic value from CPET with established clinical, laboratory, and echocardiographic risk factors. From a database of 2716 systolic HF patients, six variables, which resulted independently in relation to prognosis (haemoglobin, sodium, kidney function, left ventricle ejection fraction, peak VO 2 , and VE/VCO 2 slope), were included in a new score called MECKI (metabolic exercise test data combined with cardiac and kidney indexes). The MECKI score is CPET centred, and it is a long-term prognostic score with the highest area under the curve. 75 The MECKI Score Research Group proceeded with the aim to prove the central role of CPET in HF patients.
Exercise and heart failure Table 1 reports all the papers published by MECKI Score Research Group. They recently performed a validation study to legitimate MECKI score employment in daily HF routine as a prognostic tool, together with the simplicity of the model with easy available measurements. 76 Moreover, the MECKI Score Research Group promoted further evaluations to deepen the role of CPET for risk stratification in specific population:
• Indeterminable anaerobic threshold (AT): First-time observation of the absence of an identified AT as an independent prognostic factor in HF patients; patients with HF with an unidentifiable AT should be considered at high risk.
77
• Severe HF: Optimal medical therapy with beta-blockers in specialized HF Units offers a long-term survival benefit not different from HF patients who underwent heart transplant; moreover, in severe HF patients with optimal medical therapy with beta-blockers, peak VO 2 maintains its crucial role as prognostic factor and as a criterion for HF transplant but with lower cut-off than conventionally considered.
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• Atrial fibrillation (AF): AF is a marker of advanced disease in chronic HF patients, but it is not independently associated with adverse prognosis 79 ; a higher cut-off value of VO 2 at AT is suggested to identify low-risk HF patients in case of AF. 80 • Low peak respiratory exchange ratio (pRER): The measurement of pRER is a way to ensure that patients are tested at their maximal effort level and routine methods exclude CPET results with low pRER from the risk stratification process; in contrast, the MECKI Score Research Group demonstrated that incorporating both clinical and CPET variables in a score appears appropriate for risk assessment even when CPET is symptom limited and low pRER occurs.
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• Renal dysfunction: In HF patients with poor renal function, peak VO 2 offers limited prognostic information; the pathophysiological link between renal dysfunction and decreased exercise capacity in HF is poorly understood.
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• Elderly HF patients: Older patients with HF are a high-risk population with lower exercise performance, and the MECKI score maintains its prognostic value also in older patients.
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• Women with HF: Women with HF live longer than do men even though their peak VO 2 is lower; however, the female prognostic advantage is lost when sex-specific differences are correctly taken into account with propensity score matching, suggesting adjustments for sex-related characteristics in HF model.
84
• Obese with HF: The prognostic contribution of peak VO 2 overwhelms the prognostic capacity of body mass index, so that the so-called obesity paradox in systolic HF does not exist, and it is due to a patient selection bias.
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• Idiopathic dilated cardiomyopathy: Peak VO 2 (% of predicted) and VE/VCO 2 slope emerged as the strongest prognostic CPET variables, while peak VO 2 conventionally measured in millilitre per kilogram was not predictive.
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• Anaemic HF patients: Anaemic HF patients have a worse prognosis; CPET can be safely performed in HF patients with anaemia; peak VO 2 and left ventricle ejection fraction, but not VE/VCO 2 slope, maintain their prognostic power also in HF patients with anaemia, suggesting the use of CPET and prognostic scores also in HF patients with low haemoglobin.
87

Conclusions
We provided a comprehensive review of the impact of fitness and physical activity on the risk, management, and prognosis associated with HF development. We divided the paper into three main chapters-the past, present, and future-showing a continuum in the mutual connection between physical activity and HF.
In summary:
(1) Exercise is a tool of primary prevention in HF patients (past). (2) Exercise training is a therapy for HF patients (present).
(3) Exercise capacity is a strong prognostic parameter in HF patients (future).
